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ABSTRACT   Density functional theory and MP2 calculations have been used to determine the 
geometries, stabilities, binding energies, and dissociative properties of cation-diazine complexes 
Mn+-C4H4N2 (Mn+ = Li+, B+, Al+, Be2+, Mg2+, Ca2+). The calculated results indicate that most 
complexes are stable except the π complexes of Ca2+-pyridazine, Ca2+-pyrazine, Al+-pyrimidine and 
Al+-pyrimidine. The σ complexes are generally much more stable than their π counterparts. Among 
the π complexes, the cation-pyrazine π complexes have slightly higher stability. The nature of the 
ion-molecule interactions has been discussed by the natural bond orbital analysis and frontier 
molecular orbital interactions. In these σ complexes, there is stronger covalent interaction between 
B+ and diazine. In the selected π complexes, B+ and Be2+ have stronger covalent interaction with 
diazine, while the other cations mainly have electrostatic interaction with diazine. 
Keywords: DFT and MP2 calculations, cation-diazine complexes, cation-molecule interactions 
 
1  INTRODUCTION 
 
Interaction between cations and π electron systems is 
a kind of common and important non-covalent inter- 
action[1～21]. It could be observed in many systems, 
such as gas ion-molecule complexes and biological 
macromolecular proteins. Especially, in biological 
macromolecular systems, this interaction is signi- 
ficant for revealing the structures and functions of 
proteins or disclosing the atomic essence of protein- 
ligand effect. 
Interaction between benzene and metal ions has 
been the focus of theoretical and experimental stu- 
dies for years, and much progress has been made in 
this field[13～17]. But in aromatic systems containing 
hetero-atoms, due to the different positions in aro- 
matic rings and strong electronegativity of hetero- 
atoms, interactions between aromatic systems and 
metal ions exhibit some particularities. Recently, Ma 
et al.[17] investigated the interaction between Li+ and 
aromatic hetero-ring systems using density func- 
tional theory and multi-body perturbation theory to 
find that electrostatic potential plays a key role in the 
formation of cation-π complexes. Furthermore, bin- 
ding energy of cation-π complex systems could be 
anticipated quantitatively using surface electrostatic 
potential of aromatic ring.  
Diazine is a kind of six-membered aromatic hete-  
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ro-ring compound containing two nitrogen atoms, 
and can be classified into three types of ortho-dia- 
zine (pyridazine), meta-diazine (pyrimidine) and 
para-diazine (pyrazine) according to the positions of 
nitrogen atoms. Diazines and their derivates have 
been widely used in many fields, such as medicine, 
fuel, pesticides, and so on. Particularly, the elemen- 
tary chemical components of DNA are derivates of 
meta-diazine, and moreover, the metal ions could 
affect the structure and component of DNA to a large 
extent[18～ 20]. Interaction between metal ions and 
biological molecules is a kind of weak interaction. 
So disclosing such interaction will be significant for 
revealing the structures and functions of proteins, or 
investigating the protein-ligand interaction. But so 
far, compared with classic weak interactions, it is 
still far from clearness in understanding this kind of 
weak interaction. In addition, due to the strong 
electronegativity of nitrogen in diazine, it could 
interact with cations via electrostatic force. Surely 
this interaction is different from that between cations 
and benzene or its derivates. The studies of diazine 
complexes could provide theoretical guidance for 
investigating biochemical reaction mechanism in life 
process, design of new medicine and synthesis of 
chemical products. Previously, we have conducted a 
study on the interaction between Ca+ and diazines[21]. 
In this paper, we extend this study to other metal 
ions Mn+ and discuss the equilibrium geometry, 
stability, binding energy and bonding nature of 
Mn+-C4H4N2 complexes.  
 
2   CALCULATION METHODS 
 
We design two kinds of initial models taking 
account of two types of interactions between cations 
and dizaine. In one model, cations locate above the 
diazine ring; and in the other model, cations are 
coplanar with diazine ring and near the nitrogen 
atom. 
Full optimization on two initial models[17] was 
carried out at the DFT-B3LYP/6-31G** and MP2/6- 
31G** levels. In some models, cations locate above 
the ring planes, but they are coplanar with the ring 
planes after full optimization. In order to peer into 
the essence of interaction between cations and π 
electrons on aromatic rings, we re-optimized them 
with cations locating above the ring-plane by partial 
optimization calculations. The stabilities of com- 
plexes were determined by frequency calculations, 
which were executed at the same level with geo- 
metry optimization. Potential energy curve was 
fitted using R (the vertical distance between cations 
and ring plane in π complexes) or R1, R2 and R3 (σ 
complexes) as a variable, upon which other variables 
were calculated. R, R1, R2 and R3 are shown in Fig. 1. 
Binding energy of complexes Mn+-C4H4N2 with 
dissociation utmost Mn+ + C4H4N2 as reference was 
defined as follows: 
244244 NHCMNHCM
nn EEEE −++ −+=∆  
The basis set superposition error (BSSE) to correct 
the interaction energy was computed using the Boys- 
Bernardi counterpoise correction[22].  
All the calculations were performed using the 
Gaussian98 program[23] on a personal computer. 
 
3  RESULTS AND DISCUSSION 
 
3. 1  Equilibrium geometry of Mn+-C4H4N2 
Upon optimization, we found that some cations 
could present stable π complexes with diazines. In 
detail, π complexes shaped by pyridazine/Be2+, pyri- 
midine/Li+, B+, Al+, Mg2+ and pyrazine/Li+, B+, Al+, 
Be2+, Mg2+, Ca2+ are stable. But all the cations could 
generate stable σ complexes with diazine molecules. 
Vibrational frequency calculations at the same level 
indicate that no imaginary frequencies exist except 
Al+-pyrimidine π complexes exhibiting only one 
imaginary frequency. For the remaining seven initial 
models that could change from π complexes into σ 
complexes after optimization, we re-optimized them 
with cations locating above the ring-plane using par- 
tial optimization calculations. Vibrational frequency 
calculations at the same level suggest that there are 
no imaginary frequencies in pyridazine/Li+, B+, 
Mg2+ and pyrimidine/Be2+ π complexes. 
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Geometric parameters of cation-π complexes are 
listed in Table 1. Here R denotes the vertical distance 
from cations to diazine molecular plane. As shown 
in Table 1, R values based on B3LYP calculations 
are close to those from MP2 calculations. Generally, 
distances from the same cation to three kinds of 
diazines are similar, but comparably, the length be- 
tween cation and pyrimidine is the shortest. For the 
same group cation complexes, R increases with the 
augment of ionic radius. According to the data in 
Table 1, distance from Be2+ to pyrimidine molecular 
plane is the shortest.  
 
Table 1.  Selected Geometric Parameters of Cation-diazine π Complexes  





Li+-Pyridazine 0.2032 0.2078 Be2+-Pyridazine 0.1331 0.1316 
Li+-Pyrimidine 0.2023 0.2069 Be2+-Pyrimidine 0.1323 0.1311 
Li+-Pyrazine 0.2037 0.2073 Be2+-Pyrazine 0.1332 0.1320 
B+-Pyridazine 0.1975 0.1920 Mg2+-Pyridazine 0.2034 0.2041 
B+-Pyrimidine 0.1934 0.1878 Mg2+-Pyrimidine 0.2018 0.2038 
B+-Pyrazine 0.1946 0.1888 Mg2+-Pyrazine 0.2019 0.2041 
Al+-Pyridazine a 0.2608 0.2533 Ca2+-Pyridazine a 0.2531 0.2546 
Al+-Pyrimidine a 0.2570 0.2493 Ca2+-Pyrimidine a 0.2444 0.2452 
Al+-Pyrazine 0.2589 0.2504 Ca2+-Pyrazine 0.2526 0.2542 
a Existing imaginary frequency. 
 
Table 2.  Selected Geometric Parameters of Cation-diazine σ Complexes  





Li+-Pyridazine 0.1841 0.1879 Be2+-Pyridazine 0.1404 0.1426 
Li+-Pyrimidine 0.1952 0.1994 Be2+-Pyrimidine 0.1554 0.1566 
Li+-Pyrazine 0.1956 0.1997 Be2+-Pyrazine 0.1557 0.1574 
B+-Pyridazine 0.1500 0.1526 Mg2+-Pyridazine 0.1898 0.1927 
B+-Pyrimidine 0.1526 0.1547 Mg2+-Pyrimidine 0.2020 0.2026 
B+-Pyrazine  0.1539 0.1558 Mg2+-Pyrazine 0.2029 0.2032 
Al+-Pyridazine 0.2121 0.2112 Ca2+-Pyridazine 0.2281 0.2307 
Al+-Pyrimidine 0.2132 0.2134 Ca2+-Pyrimidine 0.2391 0.2423 
Al+-Pyrazine 0.2142 0.2139 Ca2+-Pyrazine 0.2406 0.2428 
 
Geometric parameters of cation-σ complexes are 
shown in Table 2. Here R1 expresses the vertical dis- 
tance from cations to N–N bond of pyridazine. R2 
and R3 are the distances from cations to nitrogen 
atoms of pyrimidine and pyrazine, respectively. As 
shown in Table 2, results at the B3LYP level are 
similar to those obtained from MP2 calculations, and 
R increases with the augment of ionic radius. 
After interacting with cations to generate com- 
plexes, diazine molecules have great changes in their 
geometries compared with free molecules. In π com- 
plexes, diazine molecular planes distort to some ex- 
tent. In detail, bond lengths increase and bond angles 
with nitrogen atoms as vertexes also enlarge to dif- 
ferent extent, but their adjacent bond angles decrease 
correspondingly. These indicate that the formation of 
cation-diazine π complexes weakens the bond 
strength of diazine molecules. In σ complexes, simi- 
larly, bond angles with nitrogen atoms as vertexes 
enlarge, and bond lengths change to some extent.   
3. 2 Binding energies of cation-diazine complexes 
Binding energies of cation-diazine π complexes 
(stable ones) and σ complexes are listed in Table 3. 
∆E is the binding energy having been corrected with 
zero-point energy correction, BSSE is the basis set 
superposition error, and ∆Ecorr is the binding energy 
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after considering BSSE and zero-point energy cor- 
rections.  
As shown in Table 3, binding energies of cation- 
diazine based on B3LYP calculations are larger than 
those from MP2 calculations. Although BSSE calcu- 
lated from B3LYP are smaller than those by MP2, 
we could not neglect the accuracy of MP2 method. 
The binding energies based on two calculations 
decrease to different extent after carrying out BSSE 
and zero-point energy corrections. 
When concerning about the corrected binding 
energies, for the same cation in π complex systems, 
the binding energies are similar. But for the same 
cation in σ complex systems, the results are different, 
i.e., cation-pyridazine has the highest energy, and 
binding energy of cation-pyrimidine is slightly hig- 
her than that of cation-pyrazine. As expected, for the 
same group cation systems, their binding energies 
represent the following tendency: from the above to 
the below, binding energies decrease with the inc- 
rease of cationic radius and R. For the same period, 
binding energies of divalent cations are much higher 
than those of univalent cations, which could be 
attributed to the stronger electrostatic force of 
divalent cations. Thus, cations with smaller radius 
and higher charges possess stronger interactions with 
diazine. As shown in Table 3, Be2+-diazine has the 
highest binding energy, but Al+-diazine exhibits the 
lowest. Besides, binding energies of σ complexes are 
much larger than those of π complexes, indicating 
that σ complexes are more preferred products in 
cation-diazine systems. 
 
Table 3.  Binding Energies (kJ/mol) of Cation-diazine Complexes Calculated by B3LYP and MP2 Methods  
∆E BSSE ∆Ecorr Complexes 




























































































































































































































a  The data in parentheses are calculated by MP2 method.              
 
3. 3 Bonding analysis of cation-diazine complexes 
The interaction strength in cation-diazine systems 
is closely relative with the degree of charge transfer. 
The natural charge (q) and interaction energy (E (2)) 
by natural bonding orbital analysis are respectively 
listed in Tables 4 and 5. 
 
Table 4.  Natural Charge Populations of Selected Elements in Cation-diazine Complexes  
Complexes Elements q a q b 
Li+- Pyridazine Li 0.9716 0.9800 
Li+- Pyrimidine Li 0.9725 0.9885 
Li+- Pyrazine Li 0.9721 0.9826 
B+- Pyridazine B 0.6733 0.4732 
B+- Pyrimidine B 0.6716 0.7442 
B+- Pyrazine B 0.6518 0.7587 
Al+- Pyridazine Al  0.9359 
Al+- Pyrimidine Al  0.9513 
Al+- Pyrazine Al 0.9177 0.9569 
Be2+- Pyridazine Be 1.7397 1.8649 
Be2+- Pyrimidine Be 1.7426 1.8693 
Be2+- Pyrazine Be 1.7415 1.8787 
Mg2+- Pyridazine Mg 1.8782 1.9362 
Mg2+- Pyrimidine Mg 1.8924 1.9067 
Mg2+- Pyrazine Mg 1.8887 1.9144 
Ca2+- Pyridazine Ca  1.9766 
Ca2+- Pyrimidine Ca  1.9725 
Ca2+- Pyrazine Ca 1.9548 1.9761 
 a π complexes, b σ complexes 
 
Table 5.  Donor-acceptor Interaction Energies (kJ/mol) in Cation-diazine Complexes  
Donor Acceptor E (2) a E (2) b 
Pyridazine Li+ 33.49 33.95 
Pyrimidine Li+ 28.97 31.86 
Pyrazine Li+ 12.14 29.43 
Pyridazine B+ 514.59 988.47 
Pyrimidine B+ 530.33 1171.73 
Pyrazine B+ 572.20 1116.47 
Pyridazine Al+  102.40 
Pyrimidine Al+  136.68 
Pyrazine Al+ 129.15 128.06 
Pyridazine Be2+ 440.78 274.29 
Pyrimidine Be2+ 445.00 322.23 
Pyrazine Be2+ 532.64 323.61 
Pyridazine Mg2+ 179.89 99.47 
Pyrimidine Mg2+ 168.29 123.79 
Pyrazine Mg2+ 188.05 118.26 
Pyridazine Ca2+  26.92 
Pyrimidine Ca2+  35.88 
Pyrazine Ca2+ 54.88 33.87 
a π complexes, b σ complexes 
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As revealed in Tables 4 and 5, the larger q is, the 
lower degree of charge transfer takes place, and 
ultimately, the smaller E (2) is. Thus, the magnitude 
of interaction energy E (2) is consistent with the 
degree of charge transfer. For the same cation in 
cation-diazine systems, the cation gains generally 
equal negative charges and consequently, their E (2) 
are similar. For the cations in the same group, the 
ability of accepting electrons weakens with the 
increase of cationic radius, and as a result, E (2) also 
decreases. In π complexes, B+- and Be2+-diazines 
involve an obvious degree of charge transfer and 
higher E (2). Consequently, the covalent interactions 
of these systems are stronger, which promotes the 
stability of these π complexes. Comparably, in other 
systems, the positive charges concentrate on cations, 
so interactions between cations and diazine are 
mainly due to the electrostatic force. In σ complexes, 
only B+-diazine systems involve higher degree of 
charge transfer and larger E (2), and the covalent 
interaction dominates in these systems. 
According to molecular orbital theory, if low 
empty orbitals of cations possess good orbital sym- 
metry and similar energy levels with highly occupy- 
ed orbitals of diazine, they could combine into effi- 
cient molecular orbitals. Side-view figures of the 
highest occupied molecular orbitals (HOMO) in 
diazine and outline drawing of s and p orbitals in 
cations are given in Fig. 2, from which it can be 
clearly seen that only empty p orbital of cation exhi- 
bits good phase matching with HOMO of diazine 
when generating π complexes. 
 
 
        
Mn+-pyridazine π           Mn+-pyrimidine π               Mn+-pyrazine π 
       
Mn+-pyridazine σ           Mn+-pyrimidine σ               Mn+-pyrazine σ 
 
Fig. 1.  Schematic drawings of Mn+-C4H4N2 complexes 
 
     
pyridazine       pyrimidine          pyrazine      s orbital of cations   p orbital of cations 
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Energy levels of frontier orbitals in selected Mn+- 
C4H4N2 π systems are given in Fig. 3, which shows 
that the energy level difference between empty p 
orbital of Li+ and HOMO of diazine is larger than 6 
eV[24], so charge transfer from diazine to Li+ is unfea- 
sible and thus the forming of efficient covalent bond 
between them is impossible. Empty p orbitals of B+, 
Be2+ and Mg2+ possess similar energy levels with 
HOMO of diazine, but the radius of Mg2+ is rela- 
tively larger, leading to longer distance with diazine. 
Consequently, the degree of charge transfer is slight, 
and therefore efficient covalent bond be- tween them 
is also impossible. However, the radii of B+ and Be2+ 
are small, and charge transfer between cations and 
diazine are considerable, resulting in stronger cova- 
lent interaction between them. Up to now, we can 
clearly explain why binding energies of Be2+-diazine 
systems are much higher than those of Mg2+-diazine 
systems. 
 
             
Li+-pyridazine                                         B+-pyridazine 
          
Be2+-pyridazine                                  Mg2+-pyridazine                                        
 
Fig. 3.  Energy levels of frontier orbitals in selected Mn+-C4H4N2 π systems 
 
3. 4  Potential energy curve analysis of 
cation-diazine complexes 
Selected potential energy curves for Mn+-dazine π 
and σ complexes are respectively displayed in Figs. 4 
and 5, in which obviously there is only one energy 
minimal point in the range of calculated R. As 
shown in Fig. 4, for univalent cation systems, poten- 
tial energy curves based on B3LYP and MP2 are 
similar, i.e., the complexes’ energies decrease gra- 
dually from the repulse branch to equilibrium point, 
and with the increase of distances between univalent 
cations and diazine molecular planes, the total ener- 
gies ascend gently and ultimately approach to disso- 
ciation. As shown in Fig. 5, when cations are close 
to diazine from infinitely faraway positions, the 
energies change little at the beginning, but with the 
narrowing of distance, energies fall gradually. When 
reaching the equilibrium points, the energies are the 
lowest. But if further approaching to diazine mole- 
cules, the energies increase sharply. Potential energy 
curves calculated from B3LYP and MP2 are similar, 
but the latter is not only time-consuming but also 
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inapplicable to some cations. Thereby, B3LYP calcu- 
lations are more advantageous in determining poten- 




 Li+- pyridazine                               Li+- pyrazine 
 
 
B+- pyridazine                                 B+- pyrazine 
 
 
Al+- pyridazine                              Al+- pyrazine 
 










Li+- pyrazine                                   B+- pyrazine 
       
Al+- pyrazine                                Ca2+- pyrazine 
 
Fig. 5.  Selected potential energy curves for Mn+-diazine σ complexes  
 
4  CONCLUSION 
 
DFT-B3LYP and MP2 calculations have been 
carried out to determine the geometries, stabilities, 
binding energies, dissociative properties and interac- 
tion potentials of cation-diazine complexes. The 
calculated results indicate that most complexes are 
stable except the π complexes of Ca2+-pyrimidine, 
Ca2+-pyrimidine, Al+-pyridazine and Al+-pyrazine. 
The σ complexes are generally much more stable 
than their π counterparts. Among the π complexes, 
the cation-pyrazine π complexes have slightly higher 
stability. Cations possessing small radii and high 
valence exhibit high binding energies. The nature of 
the ion-molecule interactions has been discussed by 
the natural bond orbital analysis and frontier 
molecular orbital interactions. In these σ complexes, 
there is stronger covalent interaction between B+ and 
diazine. In the selected π complexes, B+ and Be2+ 
have stronger covalent interactions with diazine, 
while the other cations mainly have electrostatic 
interactions with diazine. 
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